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Abstract
The material detachment mechanisms of ductile metal surfaces are studied experimentally during dry grinding
operation in a simulated experiment with near single grit contact with the surface. The spectra of the cutting
and thrust forces are recorded and analyzed. It is found that the thrust force changes its direction from a
compressive to a tensile mode. The ratio between the thrust and cutting force is consistently found to be
greater than 1. In the grinding process, the chip is found to be much shorter and thicker than those predicted
by traditional continuum cutting theories. From the analysis of chip dimensions and cutting forces, we
speculate that the cutting process during a grinding operation comprises of three phases as follows: (i) lifting
up of the surface ahead of the abrasive particle, (ii) segmentation through shear instability, and finally (iii)
chip tearing from the surface. Accordingly, the heating cycle is much longer with a lower mean temperature,
compared to those of macro machining. In addition, the proposed deformation field leads to loss of
constraints ahead of the cutting grits, and possibly reducing the thrust to cutting force ratio. This suggests that
forming took place prior to material detachment in grinding.
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Abstract. The material detachment mechanisms of ductile metal surfaces are studied experimentally during dry grinding operation in a 
simulated experiment with near single grit contact with the surface. The spectra of the cutting and thrust forces are recorded and 
analyzed. It is found that the thrust force changes its direction from a compressive to a tensile mode. The ratio between the thrust and 
cutting force is consistently found to be greater than 1. In the grinding process, the chip is found to be much shorter and thicker than 
those predicted by traditional continuum cutting theories. From the analysis of chip dimensions and cutting forces, we speculate that the 
cutting process during a grinding operation comprises of three phases as follows: (i) lifting up of the surface ahead of the abrasive 
particle, (ii) segmentation through shear instability, and finally (iii) chip tearing from the surface. Accordingly, the heating cycle is 
much longer with a lower mean temperature, compared to those of macro machining. In addition, the proposed deformation field leads 
to loss of constraints ahead of the cutting grits, and possibly reducing the thrust to cutting force ratio. This suggests that forming took 
place prior to material detachment in grinding. 
 
 
 
 
INTRODUCTION 
 
Ultraprecision machining is becoming the backbone in 
several advanced industries, such as micro and opto-
electronics, optical components and 
Microelectromechanical systems (MEMS), among many 
others [1, 2]. Fine grinding, lapping or chemically active 
slurry polishing usually produces the required high quality 
surface with tight tolerance. These processes share the 
utilization of abrasive particles either in free or bounded 
form to provide the cutting points. The machining process 
becomes similar to macro metal cutting, except with 
extreme negative rake angles and the possibility of cutting 
nose radius in the same order of the depth of cut. In macro 
machining, the ratio of the depth of cut to tool nose radius 
is of the order 50-100. As the depth of cut is reduced, the 
ratio of the depth of cut to the effective tool (abrasive 
particle) nose radius approaches  
 
 
 
 
 
 
0.1 to 0.01. Thus the local field around the cutting nose is 
found to significantly affect the profile and dimensions of 
the entire chip deformation field, as well as the relative 
magnitudes of different components of the resultant 
cutting force. In such case, a very high down force is 
needed, resulting in thrust force, Ft that is about twice the 
cutting force, Fc [3, 4]. Here we will attempt to provide a 
mechanistic understating of the deformation process 
during fine grinding operation. 
  
The extensive work on material removal and 
deformation under single abrasive has shown distinct 
material deformation modes, linked to the bluffness of the 
grit and the angle of attack [5-7]. These modes of 
deformation includes micro-machining, unstable prow 
ahead of the grit forming wear debris and the final 
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A normal dry grinding operation is performed except 
the specimen thickness is selected to be less than the range 
of the average grit spacing pitch of the grinding wheel. 
Such selection would ensure almost single grit interaction 
within the width of the specimen at any moment. The 
selected material system is a thin sheet of stainless steel 
304, with varying thickness of 254 and 762μm. This range 
of thicknesses would ensure covering the range below and 
above the wheel pitch and to provide approximately single 
grit-surface interaction.    
 
Measuring force Spectra 
 
A micro-specimen holder (Fig. 3) is devised to 
measure the thrust and cutting forces under the grinding 
wheel. The setup has two piezoelectric load cells (PCB-
model 208C01, 10-lb capacity) for measuring the applied 
normal and tangential forces. The specimen post has 
rotational degree of freedom about z-axis to provide 
orientation control. The force profiles are recorded with a 
dynamic data acquisition system (DAQ: ACE model 
DP104 FFT Analyzer, 20kHz bandwidth). The response 
of the load cells is calibrated first with step input as a 
function of position. The spatial calibration function is 
used to estimate the cutting and thrust force over the 
whole specimen length. The test parameters are selected 
to provide approximately a data point for every 100μs and 
thereby mapping each grit-surface interaction by at least 
10 data points. 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3. Experimental setup showing the cutting and thrust 
force load cells, and the specimen mount.  
 
 
RESULTS 
 
Atypical force measurements are shown in Fig. 4 and 5 
for specimen thickness of 762 and 254μm respectively. 
Figure 4 is recorded at a table speed, v=10.87mm/s, 
grinding wheel rpm=251 and depth of cut, h=12.7μm. For 
these conditions, the average grit-surface contact is about 
0.64 ms with an average pitch time of 0.17ms. In Fig. 4 
there are multiple time cycles that range between 0.2-0.8 
ms, which is indicative of the variability of the grit sizes 
and their depth of cut. In addition, a single prevailed 
frequency is not clear due to the interference of multiple 
grit contact with the surface. At the relative peaks, the 
ratio of Ft /Fc ranges from 1-3. The interesting feature is 
that Ft increases instantaneously to a tensile value. At few 
instances, Fc changed sign to reach a tensile value, which 
seems counter intuitive.  
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4. Thrust and cutting force traces for the 762 μm thick 
specimen. The deformation period does not have a relatively 
repeated period. 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5. Thrust and cutting force traces for the 254 μm thick 
specimen. A relatively uniform deformation cycle is observed (~ 
0.84ms) with the thrust force changing sign from compressive 
during the main deformation to tensile at the end of the 
deformation cycle. 
 
Figure 5 shows a better correlated time period for the 
near single grit grinding. For this test, the table speed is 
11.59mm/s, grinding wheel rpm=251 and depth of cut, 
h=12.7μm. The average deformation cycle is about 
0.84ms, out of which the thrust force remained 
compressive for about 0.6 ms, and switched to a tensile 
value at the end of each cycle.  There is no evidence that 
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FIGURE 7. (a-c) The proposed three-stage mechanism for chip 
formation during fine grinding. (d) The corresponding cutting 
and thrust force variation during a single deformation cycle, 
indicating the three stages of deformation. 
 
We propose a three-phase deformation to capture these 
trends as illustrated in Fig. 7. (i) Lift up of the surface 
ahead of the abrasive grit commenced at the initial contact 
of the grit and the surface. This would lead to formation of 
a prow ahead of the grit. This phase lasts for about quarter 
the cycle (300ms in the current experiment). Such 
deformation mechanism can be also envisioned to be 
similar to the Shaw extrusion model [8, 9]. (ii) A steady 
segmentation through micro-shear instabilities. In this 
regime, a shear band is formed deep beneath the grit and 
tunnels to the surface away from the formed prow. This 
process progresses with the circular grit motion for more 
than half the deformation cycle (about 400-500ms), 
resulting in a very thick chip. This deformation 
mechanism can be also envisioned as similar to that of 
Komanduri [3, 4] for micro-machining operation with a 
negative rake angle. (iii) Chip tearing phase commences 
near the end of the deformation process. During this 
phase, the chip has mostly curled away from the surface 
but still adhered to the grit. A tearing processed is 
commenced to separate the chip from both the surface and 
cutting grit, resulting in switch of the thrust force to a 
tensile mode. At this instant, the cutting force is almost 
vanishing. This phase of deformation lasts for less than a 
quarter of the deformation cycle. It is evident that the 
proposed three-phase deformation cycle will be longer 
than the dwelling of single grit on the surface due to the 
added tearing process. Such process would result in 
having intermittent cutting process wherein not every grit 
on the surface becomes active in cutting. Instead, the 
percentage of the active cutting grits would be 
approximately given by the ratio of the pitch time constant 
divided by the deformation cycle time constant. 
 
The proposed the deformation mechanism has several 
implications on the quality of the ground surfaces, the 
heating cycle and thermal softening as well as on the role 
of cooling and lubrication fluid. The intermittent 
deformation zone should provide longer period for 
transient cooling and thereby reducing the mean 
temperature within the process zone. Such effect has more 
implications on the kinetics of subsurface grain annealing, 
recrystallization and growth. The role of transient heating 
is under further investigation utilizing infrared imaging 
[11]. The role of the lubricating fluid would be to reduce 
the adhesion between the grit and the formed chip, and 
thereby reducing the probability of the final chip tearing 
stage and the quality of the machined surface. Further 
studies are needed to assert the proposed tearing model 
and its influence on the nature of the formed chip as wheel 
as its dependence on the cooling fluid. Furthermore, the 
role of thermal softening has to be also addressed at the 
full grinding speed. 
 
 
CONCLUSION 
 
 Detailed force measurement has been carried out 
during near single grit fine grinding of ductile surfaces. 
The force spectra and the chip configuration indicated a 
three-phase deformation process during each grit 
interaction with the surface. These are, prow formation, 
segmentation, and chip tearing. There are several 
implications of such deformation mechanisms on the 
thermal cycle within the process zone, the quality of the 
surface finish and the role of the cooling fluid.  
 
 
ACKNOWLEDGEMENT 
 
This work is supported in part by the NSF through 
grant No. CMS-0134111 on “CAREER: Deformation 
Mechanisms at the Materials’ Microstructural Length 
Scale and by a NSF-REU supplement to contract No. 
DMI-0084736, which supported the undergraduate 
students: K. Kamel, D. Pinter and B. Tucker. The authors 
gratefully acknowledge this support and the students’ 
efforts in the micro mechanics and Engel labs to design 
the experiment and acquire the presented data. 
 
 
REFERENCES 
 
[1] J. B. Bryan, “Design and Construction of an 
Ultraprecision 84 in Diamond Turning Machine”, 
Precision Eng. 1 (1979), pp. 13-18. 
 
[2] P. A. McKeown, “ The Role of Precision Engineering 
in Manufacturing of the Future”, Annals of the C.I.R.P. 
36/2 (1987), pp. 495-501. 
 
127
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Wed, 09 Mar 2016 15:23:12
[3] R. Komanduri, “Some Aspects of Machining with 
Negative Rake Tools Simulation Grinding”, Int. J. Mach. 
Tool Des. Res. 11 (1971), pp. 223-233. 
 
[4] R. Komanduri, N. Chandrasekaran, and L.M. Raff, “ 
Effect of Tool Geometry in Nanometric Cutting: A 
Molecular Dynamics Simulation Approach”, Wear, 219 
(1998), pp. 84-97.  
 
[5] M. A. Moore, Abrasive Wear, Treaties Mat. Sc. 
Technol, 13, Academic Press, 1979. 
 
[6] J. A. Williams and Y. Xie, “ The Generation of Wear 
Surfaces by the Interaction of Parallel Grooves”, Wear, 
155 (1992), pp. 363-379. 
 
[7] R. Gahlin, A. Axen, and S. Jacobson, “The Influence 
of Tip Shape in Abrasion Studied by Controlled 
Multiasperity Surfaces”, Wear, 223 (1998), pp. 150-156. 
 
[8] M. C. Shaw, “ A New Theory of Grinding”, Mech. 
Chem. Trans. Inst. Eng. Aust., MC(1) (1972), 73-78. 
 
[9] M. C. Shaw, Principles of Abrasive Processes, 
Clarendon Press, Oxford (1996). 
 
[10] S. Kalpakjian, and S. Schmid, Manufacturing  
Engineering and Technology, Prentice-Hall, UK, 4th Ed. 
(2001).  
 
[11] A. –F. Bastawros, “ Unpublished work on thermal 
history during grinding operation”. 
128
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Wed, 09 Mar 2016 15:23:12
